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Kinematically complete study of the Li(p, y)'Be*:2a reaction at Ep =25 MeV
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A kinematically complete study of the Li(p, y) Be*~2n reaction at E~ =25 MeV is described.
An upper limit of do. /dQ (0.04 pb sr ' is reported for the Oy =90 capture cross section to the 2+
states at 16.62 and 16.93 MeV, which is five times smaller than published results. This new datum is
shown to be more consistent with a semidirect reaction mechanism involving the giant dipole reso-
nance built on the 'Be* 2.94-MeV state than the previously proposed direct reaction mechanism.

Radiative proton capture leading to highly excited
states has only been investigated for a few favorable
light-nucleus systems. ' This is mainly due to the
difficulties experienced in obtaining gamma spectra in re-
gions well below the ground-state capture peaks. At
these E energies, the spectra are frequently affected by y
rays from other reactions, capture y rays on target con-
taminants, or residual pulse pileup. The few measure-
ments that have been achieved do, however, show that
capture to highly excited states is an important reaction
channel with typical cross sections 5—10 times larger than
those for ground-state capture.

In all cases the states most strongly populated have
fairly simple lp-lh structures. Also, the (p, y) reaction in
these light nuclei appears to be dominated by a direct re-
action mechanism (DRM) and a semidirect process in
which the giant dipole resonance (GDR) built on each ex-
cited (Brink hypothesis ) acts as a doorway state. Vari-
ous estimates of these processes are discussed in Refs. 1—5
and 9.

A study of the Li(p, y) Be* reaction leading to the
J =2+ isospin mixed doublet (IMD) at E =16.63 and
16.92 MeV (Ref. 1) suggests that the DRM is dominant
for this reaction channel. Measurements were made at
low bombarding energies by detecting the correlated
pairs of a particles emitted in the decay of the IMD and
at higher energies by detecting the y rays feeding these
levels. These results show that the cross section peaks at
E -9 MeV, which was considered to be too low in ener-

gy to be consistent with a GDR mechanism (typical
GDR excitation energies for light nuclei are Ace-25
MeV). All the data up to 30 MeV were, however, reason-
ably well described by a DRM calculation. '

In this Brief Report we report on a triple-coincidence
(y+2ct) kinematically complete measurement of the
Li(p, y) Be* cross section at E =25 MeV, the results of

which contradict the conclusions of Ref. 1. The main ad-
vantage of our measurement compared to the previous
experiment' is that spurious results arising from y-ray
spectrum corruption were eliminated by making use of
the fact that the Li(p, y2a) reaction has the largest Q
value (17.25 MeV) of any of the expected reactions, in-
cluding those due to contaminants. Furthermore, it was
possible to determine the Be* excitation energy more ac-

curately because E„could be deduced from the decay o.-

particle energies measured using silicon strip detectors.
The measurement was made at the SERC Nuclear

Structure Facility, Daresbury, United Kingdom. A 3—6-
nA beam of 25-MeV protons was directed onto a 400-
pg cm LiF target supported on a 25 pg cm C back-
ing. The target was orientated with its plane at 25 to the
beam direction so as to maximize the thickness presented
to the beam and minimize the thickness through which
particles traveled to the detectors. The beam was
stopped and current integrated in a Faraday cup —8 m
downstream from the target.

Particles were detected in two large-area 50X 50-mm
silicon strip detectors, positioned 2 cm above and below
the beam axis. Each detector was divided into ten equal
strips separated by 100 pm. The angular ranges of the
upper and lower detectors were 45'—120 and 22 —90', re-
spectively, these ranges being chosen to maximize the
coincidence efficiency for detecting pairs of u particles
from Be* decays in the range E =10—30 MeV and to
minimize the energy losses in the target. The efficiency
for detecting the coincidence o. particles from Be' de-
cays„with the assumption of isotropic emissions in the
center of mass, was determined by a Monte Carlo calcu-
lation to be —38%. Each strip detector was accurately
calibrated using a Th a source and a precision pulse
generator. A typical counting rate of pulses above a 2-
MeV threshold was —5 X 10 Hz per detector strip.

Gamma rays were detected by a 25X35-cm NaI(T1)
detector positioned 48 cm from the target in the 90'
direction. The detector was shielded from beam-
associated y rays and neutrons by layers of polyethylene
(20 cm thick), LizCO3+paraffin (10 cm), Flexiboron (0.5
cm), and Pb (7.5 cm), except for the front face where only
the LizCO3+paraffin and Flexiboron layers were used.
The gamma-ray attenuation through the chamber wall
and shielding was measured to be 34%%uo at 1.33 MeV,
which translates to —20%%uo at E =20 MeV. The Na(Tl)
detector was calibrated using standard y sources and the

I n-capture peak at 6.8 MeV.
Double-coincidence (x, ,xz ), (x &, y ), and (x2, y )

events, and triple-coincidence (x„xz,y) events were
recorded using conventional electronics which included
pileup rejection. The time resolution for the particle-

Q~1991 The American Physical Society



43 BRIEF REPORTS 2867

particle coincidences was -2 ns full width at half max-
imum (FWHM) and for the particle-gamma coincidences
—5 ns, which allowed neutrons detected in the NaI(T1)
detector to be eliminated by the time-of-Aight method.
The particle-particle double-coincidence events were
prescaled by a factor of 200 or more to reduce the event-
taking rate to a manageable level.

Figure 1(a) shows a gamma-ray spectrum in coin-
cidence with the upper particle detector. All the peaks
below 7 MeV have been identified with reactions on the
' F and ' C present in the target. These data provide a
valuable check on the calibration and show that the on-
line y-energy resolution was good (FWHM 150 keV at
4.4 MeV). The arrow marks the expected position for a y
peak from the reaction Li(p, y) Be* leading to the IMD.

A typical summed-energy particle-particle coincidence
spectrum is shown in Fig. 1(b). A crude selection pro-
cedure has been applied to remove coincidence events
where the particles are not sufficiently well correlated in
angle to have arisen from the Be*~al+az decays. The
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FICx. 1. (a) Typical y-ray spectrum in coincidence with the
upper particle detector. The arrow marks the expected position
of the coincident y peak from IMD excitation. (b) Surnrned-

energy spectrum for x
&

and x 2 particle coincidences. Inset:
Data corresponding to two signals present in one of the detec-
tors. (c) Summed-energy spectrum from triple-coincidence
x&+x2+y events. The arrow marks the expected position of
the kinematically complete summed peak.

sharp peak observed at 42.25 MeV is due to the reaction
Li(p, 2a). The data in the range E = 10—25 MeV mostly

correspond to the transmission of z = 1 particles through
the detectors. However, there is an indication of a possi-
ble peak at 22 MeV, which could be due to the decay
a*~t +p following the reaction Li(p, aa').
Confirmation of this interpretation was obtained by
selecting events in which one strip in one detector gave a
signal in coincidence with signals from two strips in the
other detector. The result is shown in the inset of Fig.
1(b). These data establish that the detectors were accu-
rately calibrated and that the resolution at 42 MeV was
—500 keV FWHM.

Figure 1(c) shows an example of the summed-energy
particle-particle-gamma triple-coincidence spectra ob-
tained. The crude selection procedure described earlier
has again been applied. The most significant feature of
this spectrum is the absence of events in the region where
kinematically complete detections of two a particles and
a y ray following the reaction Li(p, y)Be*~2a would be
expected to give data. Events above 45 MeV correspond
to low-energy y rays randomly summing with al+o. z

pulses from the 42.25-MeV peak (random coincidences
have not been subtracted). A consideration of all the
data taken with an assumed peak to total efficiency of
85%%uo for the NaI(T1) detector gave an upper limit (two
standard deviations confidence level) to the 90' cross sec-
tion for the Li(p, y) Be* reaction leading to a-decaying
highly excited states (E„~10 MeV) of der/d0(0. 04
pb sr

The upper limit given here for the Li(p, y) Be* cross
section at E =25 MeV is approximately 5 times smaller
than the result presented previously for the reaction lead-
ing to the IMD states at E =16.63 and 16.92 MeV. ' A
most likely explanation of the difference is that the previ-
ous results which were based on a single-arm y measure-
ment are corrupted by gamma rays from other reactions
in the target. The y spectrum shown at E =13 MeV in
Ref. 1 has other unidentified peaks in the neighborhood
of the peak of interest. Possible candidates for the con-
taminant reactions are Li(p, y) Be, ' C(p, y)' N,
' O(p, y)' F, and ' N(p, y)' 0, which have ground-state
Q values of 5.61, 1.94, 2.35, and 7.44, respectively. These
are higher than those for the Li(p, y ) Be' reaction popu-
lating the IMD states, which are Q =0.62 and 0.33 MeV,
respectively. Taking into account the different kinemat-
ics involved, y peaks from the reactions on the impurities
leading to low-lying excited states would at certain higher
bombarding energies be under the y peak of interest.
Also, at these energies, the y resolution would be
insufficient to properly resolve the peaks and residual
pileup could be important. These effects would, there-
fore, lead to an overestimate of the cross section, particu-
larly at the higher energies. Some support for these sug-
gestions come from Ref. 1 where it is stated that the cross
section could not be obtained from y measurements
below E =11.5 MeV and in the regions of 15 and 18
MeV because of contamination of the spectra, particular-
ly from the ' C(p,p'y ) reaction.

Figure 2 shows the result presented here compared to
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FIG. 2. Excitation function results for the Li(p, y)Be* reaction leading to the IMD. The crosses and solid circles are data from
Ref. 1 obtained from y measurements and 2a coincidence measurements, respectively. The datum at E~ =25 MeV is the cross-
section limit present here. The solid curve is the result of a DRM calculation (Ref. 1). The dotted curve is the Li(p, y&)Be data of
Ref. 10, normalized to the data of Ref. 1 below E~ =17.5 MeV (see text).

the data of Ref. 1 and the DRM calculation. This new
result suggests that the data of Ref. 1 are in error above
E -20 MeV and, in addition, removes the unaccounted
for change in slope of the data at this energy. Clearly, a
different interpretation of the data is also indicated since
the new point shows a much more rapid falloff of the ex-
citation function than given by the DRM calculation
(solid line). Furthermore, it opens up the interesting
question of whether a GDR mechanism might be more
appropriate to describe the rapid fall in the cross section
above E -9 MeV.

To consider this we compared the data to the results of
a similar Li(p, y) Be* experiment leading to the 2+ first
excited state E =2.94 MeV. ' The dotted curve in Fig.
2 shows a fit to the result of this experiment' scaled
down in magnitude such that the integrated cross section
up to 17.5 MeV agrees with that for the IMD data of Ref.
1. Interestingly, it can be seen that the IMD excitation
function peaks at a similar energy to the 2+ excited-state
excitation function and falls off at a similar rate. This
suggests that the feeding of the IMD 2+ states and the
E =2.94 MeV 2+ state could have similar origins.

The reaction leading to the 2+ first excited state at 2.94
MeV is interpreted' as proceeding through an E =23.8
MeV GDR state built on the 2.94-MeV state according to
the Brink hypothesis. This was deduced from the result
that the Li(p, y ) excitation function peaks 2.2 MeV
higher than Li(p, yo) which is an increase approximately
equal to the energy of the state (2.94 MeV). Also, the in-
tegrated yields are in the expected ratio deduced from a
GDR model and the y-ray angular distributions are all
consistent with predominantly E1 y emission. ' Our re-
sult would suggest that the Li(p, y) Be* reaction leading
to the J =2+ IMD states also proceeds through the
23.8-MeV GDR. This possibility is not unexpected be-
cause any GDR state can have widths associated with y

decay to other low-lying states. Such an explanation
merely corresponds to an extension of the Brink hy-
pothesis to allow for a giant dipole resonance built on a
state other than the one being considered to act as a
doorway state.

A comparison of the 90' yields from Refs. 1 and 10
would suggest a result R -0. 1 for the y branching ratio
(E, =23.8 MeV GDR~IMD states)/(E =23.8 MeV
GDR~2. 94 MeV level). As an initial guide to a possible
interpretation of this result is interesting to consider the
results of measurements on the Al(p, y) 'Si* (Ref. 5)
and K(p, y) Ca* (Ref. 6) reactions. From the interpre-
tation of these results, it was found that feeding to
different states in the final channel was strongly
influenced by the corresponding spectroscopic factors for
single-particle transfer. The results of the present experi-
ment are also likely to be influenced by the spectroscopic
factors, even though the interpretation with regard to the
GDR states involved is different. Following this line of
argument, we note that the ratios of calculated single-
particle transfer spectroscopic factors for the IMD 2+
states to the 2 94 MeV 2+ state are R —1." Even
though the exact nature of the GDR excitation is uncer-
tain, such a large spectroscopic ratio would be at least be
consistent with considerable feeding to the IMD states.

Unfortunately, the experimental situation with regard
to the p-transfer reaction is not sufficiently clear to allow
a check on the calculations. The Li(d, n)Be* reaction is
known to strongly excite the 2.94-Me V and IMD
states. ' ' However, the relative yields could not be ob-
tained because the angular correlations of the n and 2a
particles in the final state were not sufficiently well deter-
mined. ' The Li( He, d) Be*~2a reaction appears to
proceed almost entirely through the IMD, ' ' with only
a small cross section for the reaction through the 2.94-
MeV state, although quantitative relative strengths are
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not reported. Clearly, more work is required to deter-
mine the proton spectroscopic factors. The results as
they stand at present do not, however, contradict an ex-
planation of the Li(p, y) Be* (IMD) reaction in terms of
it proceeding through the GDR built on the low-lying
2.94-MeV 2+ state, the relatively large cross section be-

ing a consequence of a large spectroscopic factor for pro-
ton transfer to the IMD states. Thus we conclude that
the reaction mechanism proposed here could explain the
results for the Li(p, y) Be* reaction leading to the 16.62-
and 16.93-MeV IMD states.
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